A method has been developed for the precise assay of halides by constant-current coulometric titration with silver ions generated at a silver anode. It is shown that a 4 milliequivalents sampJe of halid e can be titrated with standard deviation of 0.005 percent.
I . Introduction
The determination of halides is of interest in many chemical investigations. For example, in a recent determination of the atomic weight of chlorine [1] ! it was necessary to determine the chloride content of dilute solutions with high precision. For such applications, coulometric titration is particularly advantageous because it involves a minimum of manipulation. A further advantage is that the titrant is generated in situ in amount that is measured in terms of physical quantities.
Although a number of publications have been concerned with the coulometric determination of halides [2, 3, 4, 5] there seem to have been no attempts made to establish the conditions for high-precision titrations, i.e., better than 0.1 percent. Accordingly, the work reported in this paper was undertaken as part of a continuing program at the National Bureau of Standards to develop coulometric titrations of high precision and accuracy [6] .
. General Considerations
Ooulometric generation of silver ion has been extensively studied. One of the more recent studies was done by D . N. Craig and coworkers [7, 8] in connection with the determination of the value of the faraday. The electrode reaction Ag--7Ag++ e-(or one eq uivalent thereto) proceeds at 100 percent current efficiency for current densities as high as 0.150 amp/cm 2 [7] . In the work reported in the present paper, the total area of the silver anode was about 20 cm 2 and the generation current was 100 ma; thus the current density did not exceed 0.005 amp/cm 2 . At such low current densities, one is assured of having 100 percent current efficiency with respect to the generation of silver ion provided no less noble metals are present in the metallic silver. For this reason spectrochemically pure mint silver (stated purity, 99 .999 %) was utilized for constructing the generator anode. N onoxidizable impurities in silver such as silica do not present any problems since the amount of silver ion produced by the electrochemical reaction is important rather than the weight loss of the anode. Accordingly, no need for further purification of ilver was warranted at this time, since other uncertainties of the method were more significant. 1 Figures iu brackets indicate the literature references at the end of this paper.
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All calculations were based on the 1961, C12 atomic weight scale. The molecular weights used for N aOl, NaBr, and K1 were 58.4428, 102.8988, and 166.0064, respectively.
The value of the faraday constant used was based on the determination of D. N . Oraig et al. [7] . Using their electrochemical equivalent of silver , 1.117972 mg/coul, and the fLtomic weight of silver 107.870 g/mole on the new 0!2 scale, the value of the faraday is 96,487 .2 coul/g-eq uiv.
. Apparatus and Procedure

.1. Apparatus
The design of the titration cell in this work was similar to that described in the previous communication of this series [6] except that the new cell was of smaller capacity. The anode and the cathode compartments were 180 ml electrolytic beakers connected horizontally by a 25 mm o.d. tube, approximately 10 cm in length, in which a coarse, a medium, and a fine porosity sintered glass disk were sealed. Each of the two intermediate compartments thus formed had a tube with a stopcock to enable filling and emptying, by applying vacuum or nitrogen pressure.
The anode was a heavy piece of silver 3 cm X3 cm and about }f cm thick, made by melting together a number of thinner sheets of mint silver by placing them in a "sandwich" on a heavy plate of silver and applying heat with an oxygen torch. To permit mounting in the cell cover and to facilitate connection of the lead wire, the anode was attached to a 12 cm long cylindrical silver handle, 1 cm in diameter, fabricated from the same material. The anode thus formed was etched in dilute HN03 (1:10) to remove any surface impurities, and washed with large quantities of distilled water. A piece of corrugated platinum foil (5 cm X 16 cm) served as the cathode in the generation circuit. The large surface area thus obtained was necessary to minimize polarization of the cathode and to decrease current fluctuations due to variation in cell resistance as a consequence of the liberation of hydrogen gas.
The electrical circuit used in this work was the same as described in the previous communication [6] .
The generation current for all titrations was 101 ma and its exact value was determined by the value of the standard resistor and the voltage of the saturated Weston cell. Any small initial unb alance between t he IR drop across the standard r esistor and the standard cell was corrected quicldy after which t he I R drop across t he standard r esistor was m aintained equal to the voltage of the Weston Cell. The value of the r esistor used was 9.99994 ohms a t 25.0 °C and its temperature was m a intained constan t in a t h ermostated oil b ath. Never theless, t he actual temperature of t his resistor was m easured before and after eac h ti tratio n with a m ercurial thermometer , and corresponding corrections were applied, b ased on th e mean value of temperature, by the use of t he r ela tion R t = R25 [1 + a(t -25) 
In t he course of a titration, t he temperature of the standard r esistor incr eased from the 25°C b ath temperature by as much as 1°C. Ho wever, the correction for this differ en ce amoun ted to only 7 ppm. Since th e m easurements of the temperature were m ade to a ten th of a degree the m ean valu e of t he r esistor during t he run was known to bet ter than 1 ppm. The value of the saturated standard Wes ton cell used for t he comparison of the IR drop of the standard r esistor was 1.017875 v ± 0.8 }.Lv at 34.099 °C. The temper ature of t he Weston cell was always m ain tained at that value in a sp ecially built thermostated b ox.
N ear the equivalence point of a titr ation, the curren t was passed increm en twise. It was found adv an tageous to use a commer cially available constantcurren t coulometric titrator for t his purpose, b ecause th e size of these in cremen ts can be convenien tly and adequately controlled and reproduced usin g this instrumen t withou t any appreciable sacrifice of accuracy. The timing circuit and curren t of this instrum ent wer e calibrated and t h e It-product was found to b e accurate to ± 0.005 p ercen t .
As in th e case of acid and b ase titrations , it was found th at a gel plug was necessary to eliminate the flow of electroly te between the anode and t he cathode com par tments. In this work a silicic acid gel plug was used . It was convenien tly prep ared by mixing together 10 ml of 1 : 4 water dilu ted solution of technical gr ade sodium silicate (40 Be) with 5 ml of 1.0 M H N0 3 • The resul ting solution was poured onto th e frit of the cathode compar tm en t. Gelation oJ t his solu tion occurred in approximately 2 min after initial mixing.
The amperometric indicator circuit consisted of two silver electrod es and a polarograph. The in dicator cathode was a silver b ead approximately 1 cm in di am eter (3 cm 2 in area ) ; th e indicator anod e was a b ead approximately 0.5 cm in diameter (0.8 cm 2 in area). Bot h beads were m ade by melting the same silver as used for fabrication of the generator anode. Th ese in turn wer e fused to pieces of platinum wire and t he latter sealed into glass tubes to facilitate electrical contact. The polarograph was used as a source of th e applied emf b etween these two electrodes and also as a recording microammeter , t o m easure th e indica tor curren t. The applied emf was 0.050 v.
All weighings wer e done on a 20-g capacity microb alance and were precise and accurate to ± 0.003 mg. ~l weighings were corrected for air buoyancy.
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The prep aration of th e coulometric cell consisted of thorough cleaning wi th fumin g sulfurie acid followed by p assage of large quantiti es of distilled water t hrou gh the glass frits. Subsequ ently th e cell was exposed to prolonged stearn cleanin g by forcin g t he steam to p ass through t he frits, followed again by sever al r inses with distilled water .
After such cleaning a silicic acid gel plug was poured onto the fine porosity frit of the ca thode compar tm en t .
The cell was surrounded by aluminum foil to shield the conten ts of th e cell from ligh t. About 100 ml of 0.1 M H N 0 3 
press th e solubility of silver h alides [2] .
T he platinum cathode was placed in the cathode compar tmen t and a T eflon-encapsula ted magnetic stirring bar was lower ed in to th e anode compar tmen t by m eans of ano th er magnet.
A polyethylen e cover, supporting the generator anod e and two indicator electrodes, was then secured I on the anod e compar tm en t by m eans of a snugly fittin g lock r ing.
I
At this poin t th e cell was placed on the platform of a m agnetic stirr er, oper ated from a constant voltage transform er to insure constan t stirring r ate which is imperative for precise amp erometric end-poin t detection.
Sufficien t anolyte was permitted to flow in to th e interm ediate com p ar tmen ts to just wet th e bo ttom of each of the intermediate comp ar tmen ts, thus establishing electrical con tact. Ab ou t 10 }.Leq of h alide were introduced into the anode com p ar tm en t , t hrough an opening in the cover, to facilitate pretitr ation.
At this point, a 6.43 ma curren t was p assed incr ementwise (1 }. Leq increm ents) wi th the coulom etric I analyzer. The indi cator curren t was recorded after t he passage of each incr emen t. This pretitr ation was continued un til t he excess of silver ion was abou t 10 }. Leq or in terms of concen tration 1O - 4 l\i. The portion of the indicator curren t line, after th e equivalence point, wher e the indicator curren t becomes a straigh t line function of the silver ion concen tr ation, was extrapolated to zero curren t which was chosen t o b e th e end point of bo th the pre titr ation and t h e final titration.
After the pretitration was completed , th e inter-I mediate compartmen ts wer e completely filled with anolyte and the silver ion was generated u sing the h igh-prcci ion m anually cO lltrolled constant-current circuit. The a moun t of silver which was generated at Lhi s point wa a precalcul ated qu antity, sufficient to react with abou L 99.5 p er cen t of the halide expected to be Jouncl in a g iven sample.
Following the ge neration o[ silver ion the sample was in troduced into the anod e compartm ent, and the intermediate com.partmen ts wer e emptied by pressure until only the bottoms o[ these compartments were slightly wetted by the solution. At this point the titration was continued, using again the coulometric analyzer, un til the indicator current passed a minimum and began to rise as the concent ration of silver ion was increased. Th e titration \vas again stopped and the intermediate compartmen ts were sub jected to several successive rinsings with anolyte. From this point on, the titration was continued in crementwise in tbe same fashion as the pretitration . The amount of electrogenerated silver ion equivalent to tbe halide present is obviously the amoun t generated to the end-point plus the excess gener ated in the pretitration step.
It was found , in the prelimin ary part o[ the work, that in the case or large samples, e.g. , 4 lll eq, erratic r e ults were obtained if the sample was introduced into the cell before generation or silver ion, in that th e generation current was very difficult to maintain COll stan t after the generation of t he first milliequivalent or silver ion. Tbis ph enomenon was caused by the dense precipitaLe d eposited direc tly on th e silver anode Lhus hindering the diffu sion of th e gen erated silver ion into the bull;;: of solution. This problem was solved by the above describ ed procedure, that is, by pregener ation of Lhe m ajor portion of silver ion bofore the introduction of the halide sample into the cell. The alllount of halide which still remained to b e titrated after the introduction or sample was so small th at the interference :Iue to coating over of the elec trode by th e precipitate was eliminated.
Another problem which arose as a result of the pregen eration of silver ion was the delivery of sample. It was found that a solid sample could not be in troduced directly into the silver ion solution b ecause the halide crystals became instantaneously encapsulated by a film of silver halide precipitate and again inclusion errors were inevitable. Accord in gly , the samples were either weigh ed in to the cell in the form of solution or , in tb e CRse or solid-weighed samples, they wer e cli Esolved prior to delivery into the cell.
Titration of Sodium Chloride
Procedure
The sodium chloride which WflS used in this work was one purified by double recrystallization of a reagent grade salt by precipi tation wi tit HCI-gas from saturated solutio nand subsequen t fu sion in a platinum crucible. The large crystRls of N aCl thus obtained were crush ed in an agate mortar and dried at 110°C. This material was stored in a desiccator until used. The sp ec troch emical analysis of this material showed the to tal m etfllli c impuri ties did not exceed 0.004 p ercent.
Two sets or exp erime nts wer e performed with sodium chloride, one invol vin g th e prep aration of solutions which were later disp ensed in to the cell from polyethylene weighing bo ttles, ft Lld the second se t involvin g weighing of sodium chloride as solid.
The solutions wer e prepared to b e of such concen trations that the d esired amount of chloride (1 meq or 4 meq) was contai ned in approximately 10 g of solu tion. The followin g were th e concentrations o[ t he two solu tions on a vacuum-corrected basis : Solution A-O .1031324 meq /g; solu tion B-0.4202323 meq/g. The actual weight or a sample was ob tained by diff er en ce in weigh t of t he weig hin g bottle before a nd after th e delivery of a sample.
Solid samples were weighed in a small boat also by the difference method. Th e crys tals were delivered into a funnel , containing a P yr ex wool plug and leading into the anode compartment. After the generation of 99.5 percent of Lhe silver ion r equired , as described above, the sample was washed down with 10 ml of distilled water. Near the end point the funn el was rinsed a number of times with anolyte withdrawn from. the cell by means of a syringe to which a glass tube was attach ed in place of the customary needle. ---------------------- ---------------------------------------------- 
------------------------
100. 173 0. 009
• The m ean value of tbo assay corrected for the cban ge in concentra tion of the solution with time. 
------------
------------------------------------------------
99. 968 0.007
.2. Results
The results obtained for a number of titrations over a period of several months are given in the table 1, columns 2, 3, 4, and 5. The agreement among these sets is remarkably good and well within the limits of standard deviation for each set. The precision for each of the sets is much better than could be obtained on the same size samples by conventional gravimetric or t itrimetric methods.
It is apparent from the examination of the data that solution B of sodium chloride was increasing in concentration with time ( fig. 1 ) even though both solutions were k ept tightly closed in the ground glass stoppered bottles in water-vapor saturated bell-jars. In the case of solution A, this effect is not as pronounced as in the case of solution B . Two reasons account for this behavior. Firstly, the volume of solution A was 1,000 ml, while the volume of B was 200 ml. Thus for a given amount of water lost, the concentration change would be amplified by the factor of 5 in solution B over that of solution A. Secondly, the standard deviation for 1 meq samples is four times larger than for 4 meq samples; thus a trend in concentration change would be masked more in the case of solution A.
An equation of the form A = Ao + bt was fitted to the data of solution B by th e method of least squares to express the assay of solution at any time since the time of preparation. In this equation A is assay at any time, t, Ao is the assay of this solution at the time of preparation, b is t he slope of this line expressed in precent clay-l and t is time elapsed since the preparation of solution in days. The solution of the above equation yields 0.00150 percent·day-l for the slope b of t his line, and 99.996 percent for Ao as indicated at the bottom of column 3, table 1 . This value for the assay is in excellent agreement with both the expected value and the assays of the solid weighed samples of the same material.
. Titration of Sodium Bromide
Procedure
The sodium bromide used for these experiments was a reagent grade salt. It was dried at 110° C and stored in a desiccator for use without any preliminary purification. The samples were weighed out as solid N aBr in the same manner as the solid NaCI samples.
.2 . Results
Two sample sizes, 1 meq and 4 meq, were investigated as in the case of N aCI and the results are given in columns 6 and 7 of table 1. The average value for the assay in both cases is in excellent agreement. The value of the assay appears to be 0.17 percent too high and undoubtedly is caused by the presence of chloride impurity since the amount of chloride in this salt is known to be of the order of, 0.2 percent by weight. The-standard deviations for both the larger and the smaller samples are of the same order of magnitude as in the case of sodium chloride, 0.038 percent for 1 meq and 0.009 percent for 4 meq samples.
